Recent studies have reported that subclinical hypothyroidism (SCH) is associated with atherosclerosis (AS). Thyroid hormone is maintained at normal levels in patients with SCH, whereas TSH is increased. However, the pathogenesis of AS in association with SCH is only partially understood. In addition, endothelial dysfunction plays an important role in the development of AS. The purpose of the present research was to study the direct effect of TSH on human umbilical vein endothelial cells (HUVECs). The expression of some genes associated with endothelial dysfunction after treatment with TSH was evaluated by real-time PCR and western blotting respectively. At first, we showed that the TSH receptor (TSHR) is expressed in HUVECs. We also provide evidence indicating that TSH treatment promotes tumor necrosis factor a-induced endothelial cells interactions by upregulating the expression of the adhesion molecules intercellular adhesion molecule-1. Furthermore, the expression of endothelial nitric oxide synthase (eNOS) and prostacyclin (PGI 2 ) was significantly attenuated following treatment with TSH in dose-and time-dependent manner. Conversely, the results indicated that TSH upregulated endothelin-1 (ET1) mRNA and protein expression in HUVECs, similar effects were observed for plasminogen activator inhibitor-1 (PAI1) after treatment with various concentrations of TSH. Taken together, these results demonstrate that elevated TSH can promote endothelial dysfunction by altering gene expression in HUVECs.
Introduction
Hypothyroidism is associated with an increased risk for cardiovascular events resulting from atherosclerosis (AS; Cappola 2003) . The pathogenesis of AS in association with hypothyroidism is complex and not yet completely understood. It has been suggested that hypercholesterolemia, hypertension, and impaired endothelial function are involved. The traditional theory held that insufficient thyroid hormone (TH) caused AS (Ichiki 2010) . However, subclinical hypothyroidism (SCH) has also been related with AS (Valentina et al. 2011) . TH is maintained at normal levels in patients with SCH, whereas thyroid-stimulating hormone (TSH) is increased. It remains unclear whether elevated serum TSH can promote endothelial dysfunction and accelerate AS.
The central events of AS include endothelial dysfunction (Atochin & Huang 2010) , inflammation, and vascular smooth muscle cells (VSMCs) proliferation. It is worth noting that endothelial cell dysfunction is generally accepted as an early step in the pathogenesis of AS, and impaired endothelial function has also been reported in patients with TH deficiency (Taddei et al. 2003 , Biondi et al. 2009 ). Endothelial dysfunction, which is characterized by an imbalance between relaxing and contracting factors, between procoagulant and anticoagulant substances, and between proinflammatory and anti-inflammatory mediators, plays a particularly significant role in the pathogenesis of AS (Poredos 2002) . Furthermore, inflammation plays a major role in the development of AS (Ross 1999) . Endothelial dysfunction is also related to increased platelet adherence and smooth muscle cell migration and proliferation, both of which are involved in atherogenesis (Luescher & Barton 1997) . Thus, endothelial dysfunction is the first step in coronary arteriosclerosis (Vanhoutte 2009 ). The endothelium synthesizes and releases several vasodilating and vasoconstricting factors, including nitric oxide (NO), prostacyclin (PGI 2 ), endothelin-1 (ET1), and plasminogen activator inhibitor-1 (PAI1), and both types are associated with AS (Blann & Taberner 1995) . NO and PGI 2 synergistically inhibit platelet aggregation, whereas ET1 is a vasoactive peptide and one of the most potent known endogenous vasoconstrictor substances. Moreover, PAI1 is the central component of the fibrinolytic system and is a physiological inhibitor of plasminogen activators. Similarly, the expression of intercellular adhesion molecule-1 (ICAM1), an important adhering molecule, on the endothelial cells can be induced by proinflammatory cytokines, such as tumor necrosis factor a (TNFa). This process is crucial to facilitate the recruitment of inflammatory cells to the sites of AS, driving atherosclerotic pathogenesis.
The TSH receptor (TSHR) is expressed on thyroid cells and plays a central role in upregulating the function of the thyroid, including the synthesis of TH. Increasing evidence indicates that TSHR is also expressed by many nonthyroid tissues and cells, such as immunocyte, adipose tissue, and bone, in which it may actually play a physiological role (Williams 2011) . Our previous study has shown that TSH, by binding to the TSHR on hepatocytes, plays an important role in cholesterol synthesis in the liver and elevating total cholesterol levels in the blood (Zhang et al. 2009 , Tian et al. 2010 , which is an independent risk factor for AS. It has been shown that the TSHR is expressed on vascular endothelial cells (Donnini et al. 2003) . Furthermore, TSH increases the cAMP concentration in vascular endothelial cells (Balzan et al. 2012) . In this study, we demonstrated that TSHR was expressed in human umbilical vein endothelial cells (HUVECs) and that stimulation of cultured HUVECs with TSH increased the production of cAMP. We further evaluated whether elevated TSH directly promotes endothelial dysfunction and induces AS by altering gene expression in HUVECs.
Subjects and methods
Materials TSH from bovine pituitary glands was purchased from Sigma Company (T8931, Sigma). Bovine TSH was prepared by dissolving 10 mg of TSH in ultrapure water/doubledistilled water by stirring for 1 h at room temperature. Antibodies against TSHR (ab2812), endothelial NO synthase (eNOS; ab66127), ET1 (ab117757), PGI 2 (ab23668), and PAI1 (ab66705) were purchased from Abcam (Hong Kong, China). An RT-PCR kit was purchased from TaKaRa Bio, Inc. (Dalian, China). TNFa was purchased from Sigma Company (T0157, Sigma). All other reagents were of the highest purity that is commercially available.
Cell culture
Human umbilical cords were obtained from normal placentas. The umbilical vein was cannulated with blunt needles and perfused to wash out all blood. A 0.1% collagenase solution was then injected into the vein, which was incubated at 37 8C for 15 min. The reaction was halted by adding complete medium containing DMEM with heatinactivated 10% fetal bovine serum, 0.8 mg/ml human epidermal growth factor, 90 mg/ml heparin, 100 IU/ml penicillin, and 100 mg/ml streptomycin and the vein was incubated in a 5% CO 2 and 95% air incubator at 37 8C. A human thyroid follicular epithelial cell line (Nthy-ori 3-1) was purchased from the Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China). Nthy-ori 3-1 cells were cultured in 25 cm 2 flasks at 37 8C in a 5% CO 2 -humidified incubator and were maintained in RPMI 1640 culture medium supplemented with 10% fetal bovine serum. These studies were approved by the Ethics Committee of Lanzhou Medical College. The cells were confirmed to be HUVECs based on their typical cobblestone morphology and positivity for factor VIII antigen by immunohistochemical staining. For all experiments, passages 2-5 of HUVECs were used (Gödecke et al. 2012) . When treated with TSH or other reagents, the cells were cultured in serum-free medium.
ELISA
Variation in the cAMP concentration was measured using the cAMP Direct Immunoassay Kit (BioVision, k371-100; Milpitas, CA, USA). Briefly, the cells were stimulated with different TSH concentrations. Subsequently, neutralizing buffer and acetylation reagent mixture were added to the cell lysates. Each acetylated sample and standards were transferred to a protein G-coated white 96-well plate. Rabbit anti-cAMP polyclonal antibody was added to standard and samples, and the reaction mixtures were incubated for 1 h at room temperature, reincubated with cAMP-HRP for 1 h. The reaction was stopped by adding 1 M HCl and cAMP levels were determined spectrophotometrically (optical density 450 nm). The kit can detect 0.02-2 mM cAMP samples.
Determination of ICAM1 expression using ELISA (Bender Abnova, H00003383 Taipei City, Taiwan). HUVECs were seeded on sterile slide cover slips in 96-well plates overnight and pretreated with TSH before stimulated with TNFa. After washing with PBS, monoclonal anti-human CD54 (ICAM1) domain D1 was added and incubated for 1 h at 37 8C. Goat anti-mouse IgG HRP was then added and incubated for 1 h at 37 8C. The cells were washed with PBS and incubated with 3,3 0 ,5,5 0tetramethylbenzidine as the substrate for 15 min at room temperature. The enzyme-substrate reaction was stopped by adding 0.5 M sulfuric acid. The absorbance was measured at 450 nm. The kit assay range is 20-400 ng/l. Each experiment was repeated three times in triplicate samples.
Quantitative real-time PCR assays
The cells were harvested after 6, 12, 24, and 48 h of stimulation. Total RNA was initially extracted using RNAiso Plus (TaKaRa Biotechnology) according to the manufacturer's instructions. The RNA concentration was determined using a spectrophotometer (Beckman Instruments, Caguas, Puerto Rico). RNA from each sample was reverse transcribed to cDNA and amplified in a total volume of 10 ml using a TaKaRa RNA PCR Kit (TaKaRa Biotechnology). Quantitative real-time PCR analyses were performed using a LightCycler Real-Time PCR System (Roche 480). PCR was performed for 40 cycles with an initial denaturing step at 95 8C for 10 s, annealing at 60 8C for 30 s, and extension at 72 8C for 1 min. The reaction was terminated by a cooling step at 4 8C. A melting curve was then constructed to confirm the formation of the intended PCR products. Each reaction was performed in triplicate. In short, the 20 ml included 10 ml of SYBR mix, 2 ml of DNA template, 0.8 ml of the relevant primer solution, and Milli-Q water to make up the final volume. The primer sequences used are presented in Table 1 .
Western blot analysis
For western blot analysis, the total protein concentration of cells was determined using a bicinchoninic acid protein assay kit (Pierce, Rockford, IL, USA). Whole-cell lysates were separated by 8-10% SDS-PAGE and transferred onto Immobilon PVDF membranes (Millipore, Billerica, MA, USA). The membranes were blocked for 2 h in a solution of 5% powdered skimmed milk in Tris-buffered saline and incubated overnight at 4 8C with primary antibodies against b-actin (1:2000), TSHR (1:500), eNOS (1:1000), ET1 (1:2500), PGI 2 (1:250), or PAI1 (1:1000). The membranes were then incubated with secondary antibody (1:2000) for 2 h. Bands were detected using the ECL detection system. The experiments were repeated three times.
Statistical analysis
The data were analyzed using SPSS (Statistical Package for the Social Sciences), 19.0 (SPSS, Inc.) and expressed as the meanGS.D. Differences between means values were compared using either unpaired Student's t-tests for twogroup comparisons or one-way ANOVA (Dunnett's t or least significant difference (LSD) test) for multiple comparisons. P values !0.05 were considered statistically significant.
Results

Presence of TSHR in HUVECs
The presence of the TSHR on HUVECs was confirmed by western blot analysis (Fig. 1) , which showed a clear band of 
w62 kDa corresponding to the molecular mass of the TSHR protein. The TSHR protein expression was observed at a lower level on HUVECs when compared with thyroid tissue. Moreover, we further examined and demonstrated the functional coupling of the TSHR with cAMP levels in HUVECs using increasing TSH concentrations. Treatment with TSH significantly stimulated cAMP production in HUVECs compared with the control (Fig. 1B ; P!0.05).
Additionally, pretreatment of HUVECs with 2 mM TSH increased the cAMP level by approximately twofold over the cAMP level induced by 1 mM TSH.
TSH enhances the TNFa-induced expression of ICAM1 in HUVECs
To investigate whether TSH could exert an inflammatory effect on endothelial cells, the expression of ICAM1one of several proinflammatory factors expressed on endothelial cells in response to several inflammatory stimuliwas examined after HUVEC stimulation with TNFa. The cells were pretreated with various concentrations of TSH (0.1, 0.5, 1.0, and 2.0 mM) for 24 h and subsequently co-treated with TNFa (10 ng/ml) for 6 h. Whole-cell ELISA demonstrated that TSH markedly improved TNFa-induced ICAM1 expression in a concentration-dependent manner (Fig. 2) . Pretreatment of endothelial cells with TSH (2 mM) significantly increased TNFa-induced ICAM1 expression ( Fig. 2) .
TSH downregulated the mRNA and protein expression of eNOS in cultured HUVECs
We investigated the influence of TSH on eNOS expression using RT-PCR and western blotting. As shown in Fig. 3A , treatment with 0.1, 0.5, 1.0, and 2.0 mM TSH for 12 h reduced eNOS expression. In addition, the decrease in the eNOS mRNA level became evident at 24 h after treatment with 2.0 mM TSH, with a more pronounced effect at 48 h (Fig. 3B ). The expression of eNOS at 12 and 48 h decreased by 0.64-and 0.76-fold respectively, compared with the controls at 2 mM TSH. Western blotting demonstrated the same pattern of change in the eNOS protein level over 48 h (Fig. 3C) . At 48 h, the eNOS protein level gradually decreased as the TSH concentration increased from 0.1 to 1.0 mM and to 2.0 mM compared with the control group (Fig. 3C) . These findings suggest that there is a dose-and time-dependent relationship between TSH and the inhibition of eNOS expression. Taken together, these results indicate that TSH treatment suppressed eNOS expression in cultured HUVECs.
TSH upregulated the mRNA and protein expression of ET1 in cultured HUVECs
We further investigated the influence of TSH on ET1 expression. HUVECs were pretreated with various concentrations of TSH (0.1-2 mM) for 12 h, the results showed that TSH notably increased ET1 levels in HUVECs (Fig. 4A ). As shown in Fig. 4B , the ET1 (EDN1) mRNA level gradually increased over 0, 6, 12, 24, and 48 h of treatment with 2 mM TSH (Fig. 4B ). ET1 protein expression was also detected via western blotting. At 48 h, the ET1 protein level gradually increased with increasing concentrations of TSH (0.1, 1.0, and 2.0 mM) compared with the control group (Fig. 4C) .
Corresponding changes were observed in the ET1 mRNA level. These findings indicate that the effects of TSH on ET1 expression occurred in a dose-and time-dependent manner.
TSH downregulated PGI 2 mRNA and protein expression in cultured HUVECs
In this study, PGI 2 mRNA and protein levels in HUVECs from the TSH-treated and control groups were further investigated using RT-PCR and western blotting (Fig. 5 ). As shown in Fig. 5 , TSH notably decreased the PGI 2 mRNA and protein levels. In addition, the PGI 2 mRNA levels in each TSH-treated group were decreased to varying degrees ( Fig. 5A and B) . At 12 h, we observed a dose-dependent decrease in the mRNA expression level of PGI 2 after stimulation with different concentrations of TSH (Fig. 5A) . Besides, we observed a time-dependent decrease in the mRNA expression of PGI 2 after stimulation with TSH ( Fig. 5B ). Following treatment with TSH (0.1-2 mM) for 48 h, the results of western blotting analysis revealed that the pattern of change in PGI 2 protein levels was similar to that of the mRNA expression levels (Fig. 5C ). These findings indicate that there was a time-and dose-dependent relationship between TSH and the inhibition of PGI 2 expression.
TSH upregulated PAI1 (SERPINE1) mRNA and protein expression in cultured HUVECs
We also investigated the influence of TSH on PAI1 expression. RT-PCR showed that treatment with TSH (0.1, 0.5, 1.0, and 2.0 mM) for 12 h increased the expression of PAI1 mRNA in a concentration-dependent manner (Fig. 6A ). As shown in Fig. 6B , the PAI1 mRNA levels gradually increased over 0, 6, 12, 24, and 48 h of treatment with 2.0 mM TSH. Furthermore, compared with the control group, the PAI1 protein levels increased to varying degrees following treatment with different concentrations of TSH (P!0.05; Fig. 6C ) and showed good agreement with the observed increase in PAI1 mRNA expression. These findings suggest that the induction of PAI1 expression by TSH was dose dependent. In conclusion, our results demonstrate that TSH induces PAI1 expression. RT-PCR analysis of eNOS mRNA expression following incubation with TSH (2 mM) for 0, 6, 12, 24, and 48 h (nZ3). *P!0.05 vs control. (C) Western blotting analysis was performed to examine eNOS protein expression in HUVECs exposed to TSH for 48 h (140 kDa, see also Supplementary Fig. 2 , see section on supplementary data given at the end of this article), and b-actin was used as a housekeeping protein. The bar plots illustrate a summary of the band intensity data after being normalized to b-actin, and the data are expressed as the mean percentage of the control. *P!0.05 vs control.
Discussion
Notably, the TSH concentrations (0.1-2 mM) used in this study were higher than those found in the general population and in patients with hypothyroidism, although they were similar to the concentrations used for cultured nonthyrocytes, such as 3T3-L1 preadipocytes (Bell et al. 2002) , fibroblasts (Agretti et al. 2005) , aortic tissue, and umbilical cord endothelial cells (Balzan et al. 2012) .
Coexisting growth factors/cytokines, such as insulin-like growth factor 1, may function synergistically to augment TSH signaling in vivo (Tian et al. 2010) , which may account for the lower TSH concentration in the human body. Balzan et al. also reported that TSH increased cAMP and eNOS expression in human microvascular endothelial cells (HMEC1). Furthermore, they also observed that TSHR is functional as indicated by the ability of TSH to stimulate cAMP synthesis in HMEC1 cells. Similarly, to verify the functionality of TSHR in HUVECs, our findings indicate the dose-depended manner of cAMP levels relative to TSH. Although we did not use antagonists, we speculate that elevated TSH levels can promote endothelial dysfunction by binding to the TSHR on HUVECs. Endothelial dysfunction is an early marker of AS (Davignon & Ganz 2004 ) and helps to predict cardiovascular events before they become overt (Bonetti 2002) . Endothelial dysfunction is also associated with inflammation, which has been thought to trigger leukocyte adhesion, platelet aggregation, and VSMC proliferation and migration, leading to arterial wall thickening and atherosclerotic lesion formation (Kaperonis et al. 2006) . During the inflammation process, the interaction of monocytes with the arterial wall is mediated by adhesion molecules, such as VCAM1, expressed on the surface of endothelial cells. Moreover, the expression of ICAM1 is commonly upregulated by proinflammatory cytokines such as interleukin 1 and TNFa (Pober et al. 1986 , Marui et al. 1993 . Our study determined that TSH treatment promotes TNFa-induced ICAM1 expression in HUVECs, which suggests that TSH has inflammatory and atherosclerotic functions in HUVECs.
We have previously shown that TSH can act directly on liver cells and may elevate serum total cholesterol levels (Zhang et al. 2009 , Tian et al. 2010 , which is an independent risk factor for AS. In the current study, we extended these findings and demonstrated that treatment of cultured HUVECs with TSH resulted in significantly lower eNOS and PGI 2 expression and higher levels of ET1 and PAI1 when compared with the control group. This effect of TSH was dose dependent and time dependent as well as TSHR dependent.
Consequently, using a range of TSH concentrations to treat HUVECs, we demonstrated that TSH plays important roles in inducing endothelial dysfunction and regulating the development of AS, which indicates a potential mechanism for AS development involving the direct action of TSH on HUVECs. These results may provide novel insights into the development of AS in SCH. The results reveal a potential effect of TSH on HUVECs that has possible pathological and clinical implications for the pathogenesis of AS, particularly its association with hypothyroidism, which is a common human disease that is associated with elevated TSH.
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